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Two novel precursors, barium dimesitylborinate and barium (18-crown-6)
cyclotriboroxane, were synthesized to produce thin films of p-barium borate
(P-Ba3B60i2) via the metal organic decomposition (MOD) process.
The two precursor reagents were characterized by nuclear magnetic resonance,
infrared spectroscopy, differential thermal analysis (DSC), thermal gravimetric analysis
(TGA), and elemental analysis. The MOD process was initially used to produce
P-barium borate powders. The powders were heated for 1 hour under oxygen flow at
various temperatures. The formation of p-barium borate was confirmed by powder X-
ray diffraction of the products of thermolysis ofboth precursors, p-barium borate
formation occurred at 800C and 550C for barium dimesitylborinate and barium (crown
ether) cyclotriboroxane, respectively.
Thin films ofboth precursor compounds were produced by a spin coating process.
The substrates used were silicon wafers with a (100) orientation. Tetrahydrofuran was
found to be a good solvent for the barium dimesitylborinate precursor. Ethanol was used
for barium (crown ether) cyclotriboroxane. Again, the MOD process was used. The
films were heated to various temperatures for various times under flowing oxygen. The
films were then analyzed by thin film X-ray diffraction to determine if p-barium borate
was formed. Due to substrate interaction thin films produced from the barium
dimesitylborinate precursor did not contain P-barium borate. However, monophasic
P-barium borate films were produced from heating the barium (crown ether)
cyclotriboroxane precursor to temperatures between 600 and 700C for 1 hour. The six
membered anionic borate ring is the key structural unit in p-barium borate. Since the
xiii
ring unit is already present in the barium (crown ether) cyclotriboroxane precursor lower
temperature processing is needed, and substrate interaction becomes less likely.
Ellipsometry was used to measure the index of refraction of the films. The index of
refraction, measured by ellipsometry, was 1.51 for the film produced from barium




Nonlinear optics is the study ofphenomena that occur as a result of the
modification of the optical properties of a material system by the presence of light. The
interaction of light with a non-linear optical material will cause the material's properties
to change and the next photons that arrive will be affected by those altered properties.
The polarization of a molecule subject to an applied electric field is expanded in a
power series in the applied field. The molecular polarization is given by:
p
=
11 + a*E + p*E*E + y*E*E*E + . . .
where (j. is the permanent dipole moment of the molecule, a is the linear polarizability,
and P and y are the first and second hyperpolarizabilities. The polarization depends on
the strength of the optical applied field, E. The higher order terms, P and y, represent
non-linear polarization and give rise to second and third order non-linear optical effects.
Since a P,y, there were few observations of non-linear optical effects before the
invention of the laser with its associated large electric fields [1]. The macroscopic
polarization of a material is given by the following analogous equation:
P= p0 + xU)*e + x(2)*E*E + x(3)*E*E*E + . . .
P0 is the spontaneous polarization of the material.
%(1)




are the second and third order susceptibilities, respectively. The term
x( }
is
responsible for second order non-linear optical effects and can only be exhibited by
materials with a non-centrosymmetric structure. Since only asymmetric polarization
leads to second order non-linear optical effects, these effects can only be induced by
molecules lacking a center of symmetry. Incident light will induce the asymmetric
polarization of a second order non-linear optical material by the redistribution of
electrons. The induced polarization generates an internal electric field that modifies the
frequency of light as it passes through. If an intense light beam passes through a second
order nonlinear optical material, light at twice the input frequency will be produced. This
effect is termed second harmonic generation.
To understand why a second order non-linear optical material must have a non-





examined. If a material possesses inversion symmetry, then a sign change in E must be
accompanied by a sign change in P [2]. By substituting negative values of P and E into






By comparison to the original equation, it is determined that P must equal -P, which can
only occur if the positive and negative values for P vanish identically. Therefore,
x<2)
must equal zero for symmetric materials.
p-barium borate (P-BBO) is one of the second order nonlinearly active materials.
Two crystalline phases ofBBO are known to exist, a high temperature a phase and a low
temperature P phase. The transition temperature is equal to 925 5 C. The melting
point occurs at 1095 C. The a phase belongs to the space group R3c having a centric
symmetry [3]. The p phase belongs to the space group R3 and is non-centrosymmetric
[4]. P-barium borate consists of almost planar (B3O6)
"
rings perpendicular to the polar c
axis which are bonded together by barium atoms. The ionic group
(B3O6)3"
contains
conjugated tt orbitals which are believed to be the source of the second harmonic
generation. The acentric symmetry of the barium cations in the P-barium borate structure
changes the electron density distribution of the boron-oxygen ring, thereby making
principal contributions to the second harmonic generation [4]. The difference between
the a and p form is the coordination of the barium by oxygen. In the case of a-BBO
there are two distinct barium atoms. One has a ninefold oxygen coordination while the
other is coordinated by six oxygen atoms [3]. In the case of P-BBO each barium atom has
an eightfold oxygen coordination [5].
The P phase ofBBO is characterized by relatively high second harmonic
generation coefficients, a wide transparency range, a high optical damage threshold, and
utility over a broad temperature range. It also has a broad phase matched region. Phase
matching is a condition where the fundamental and second harmonic light waves
reinforce each other. The refractive index experienced by the interacting waves as they
propagate through the medium must match to achieve efficient second harmonic
generation. Some physical properties of P-BBO are given in Table I [6].
Table I. Physical Properties of p-BBO
Crystal Structure Trigonal (Rhombohedral) Symmetry:
3m(space group R3)
Cell Parameters a = b= 12.532 A,
c= 12.717 A
Transition Temperature (oc-p phase ) 925 5C











Phase Matchable SHG Range 189-1750 nm
SHG Coefficients 4-6 times higher than KDP depending on
wavelength
P-BBO is well known in the bulk single crystal form. Single crystals of P-BBO
are applied in laser systems to generate ultraviolet (UV) laser light using frequency
doubling. Laser emission in the UV region is important for communications and high
density data storage due to the shorter wavelength and smaller bit size that can be
achieved [7]. Single crystals are also used in optical parametric oscillators as a means of
obtaining tunable radiation [1].
Recently P-BBO has been considered for use as thin films in integrated non-linear
optical devices. The various optical devices that thin films of P-BBO can be incorporated
into include frequency converters, waveguides, switches, and storage devices. When
generating second harmonics, the use of P-BBO non-linear optical waveguides is very
attractive. The thin film is inherently a planar waveguide, eliminating other processing
methods for formation ofwaveguides which can be detrimental to SHG coefficients [7].
In addition to the crystalline structure of the material being non-centrosymmetric,
second order non-linear optical thin films must be transparent in the portion of the
spectrum required for use, and the film must be able to withstand the high energy of the
optical beam. The films must also be chemically homogenous and of high optical quality.
Impurities or non-homogenous regions will cause undesired scattering centers in the film
[7]. For example, inclusions in P-BBO can contribute to optical losses in films tested for
waveguide applications.
Metallo-organic decomposition (MOD) is one method of obtaining thin films of
P-BBO. Advantages ofusingMOD include a precise composition control and the ability
to easily introduce dopants [8]. Metallo-organic chemical vapor deposition (MOCVD) is
another method that is used to produce thin films of P-BBO. MOCVD is advantageous
due to its precise control of process conditions and high throughput. Another advantage
is the ability to deposit films on complex geometries. The major problem with the
MOCVD process is the difficulty of controlling the stoichiometry at the substrate surface.
Dual precursors are commonly used to form p-BBO. Their different volatilities, densities,
and thermal stabilities affect their decomposition rates. For example, an excess ofboron
must be used in the current deposition process of P-BBO [7]. If a single source precursor
could be developed forMOCVD, it would be the desired method for obtaining P-BBO
thin films. Until then, MOD is the preferred process.
Various researchers have been successful in preparing thin films of P-BBO by the
metallo-organic decomposition and chemical vapor deposition methods. The past
research has involved various chemical precursors and process conditions. Table II lists
the related art and the researchers involved in this work. Thin films of P-BBO have also
been successfully deposited by pulsed laser deposition and magneton sputtering [9-10].
In this research two novel precursors were developed for the formation of P-BBO
thin films. A single source precursor, barium dimesitylborinate, Ba[OB(Mes)2]2, has
been successfully synthesized and used with the MOD process. The original intent of the
research was to develop a single source precursor for theMOCVD process. Since the
new compound is not volatile the alternate MOD approach is used to fabricate films. The
advantage ofusing a single source precursor is that the precise atomic ratio
of the






































































































































The second novel precursor is a modification of one used in a method developed
by Yogo et al [11]. A precursor solution is prepared from (OB*OEt)3, barium metal,
ethanol, and 18-crown-6 (crown ether). The advantage of this method is that the basic
structural unit for P-BBO, the six-membered borate ring, is incorporated in the precursor.
In the precursor solution reported by Yogo, 2-ethoxyethanol is used as a stabilizer. In
contrast to the reported method, a crown ether, 1 8-crown-6, is used here in place of
2-
ethoxyethanol. The crown ether surrounds barium atoms and saturates their coordination
sphere. The main advantage ofusing crown ether in the precursor solution is lower
temperature [3-barium borate formation. The use of2-ethoxyethanol creates polymeric
bridges between barium atoms which requires a higher temperature to overcome them
and obtain the beta form. The novel precursor containing the crown ether is believed to
be monomeric in nature and should thus require less temperature for transformation.
Other advantages ofusing a crown ether include the ease of characterizing the precursor
and its greater stability.
2. EXPERIMENTAL
2.1 Materials
Dimesitylborinic Acid 98%, triethylborate 99%, boron oxide 99.999%, barium
metal (dendritic pieces) 99.9%, 18-crown-6 99%, and barium pieces 98% were obtained
from Aldrich and used as received. 2-Ethoxyethanol and ethanol were obtained from
Aldrich and Pharmca Products, respectively. Both were dried over barium metal and
distilled. Barium hydride 99.5% was obtained from Alfa Aesar and was also used as
received. Tetrahydrofuran was obtained from J.T. Baker and dried over calcium hydride.
2.2 Synthesis ofBarium Dimesitylborinate, Ba[OB(Mes)2]2, Single Source
Precursor
The single source precursor, Ba[OB(Mes)2]2, was prepared from barium hydride
and dimesitylborinic acid.
BaH2 + 2 |
barium hydride dimesitylborinic acid
Figure 1. Synthesis ofBa[OB(Mes)2]2 Single Source Precursor
Tetrahydrofuran (THF) was used as the solvent for this reaction. The THF was dried
over calcium hydride and distilled into a round bottom flask containing a stopcock.
Following distillation the stopcock was closed to allow transport of the round bottom
flask without exposure to moisture. The distillation setup also included a drying tube
filled with dessicant to ensure the dried solvent remained free ofmoisture.
The round bottom flask containing the dried THF was brought to a glove bag to
add the solid reactants, BaH2 and Mes2BOH, under nitrogen. BaH2 must be handled
under nitrogen to avoid Ba(OH)2 formation. Mes2BOH must also by handled under
nitrogen due to its hydroscopic nature. Since BaH.2 readily forms Ba(OH)2, some of the
starting material will in fact be Ba(OH)2. In addition, some of the BaH2 will form
Ba(OH)2 from exposure to moisture picked up by the Mes2BOH. To correct for these
problems it was determined that a 100% excess ofBaf^ must be used to arrive at the
desired product. Instead of a 1 :2 molar ratio ofBaH2 to Mes2BOH a 1 :1 molar ratio was
found necessary to give a good yield ofBa[OB(Mes)2]2- Thus, 0.26 grams (1.9 mmoles)
ofBaH2and 0.50 grams (1.9 mmoles) ofMes2BOH were added to approximately 25 mL
of dried THF and heated at reflux for 48 hours under nitrogen.
At this point in the reaction the solution appears to be somewhat cloudy. The
cloudiness can be attributed to Ba(OH)2 that formed from the BaH2 either prior to the
reaction or as a result of contact with the adsorbed water on Mes2BOH. The solution is
taken again to the glove bag where it is filtered through a sintered glass frit under
nitrogen. The filtering step removes any Ba(OH)2 and/or unreacted BaH2. Following the
filtering step, a rubber stopper is put on top of the filter flask and the THF is removed
under reduced pressure. After the solvent was removed the product, Ba[OB(Mes)2]2,
remains. The Ba[OB(Mes)2]2 is collected from the filter flask using a microspatula and
immediately placed in a plastic storage vial. The storage vial is then put into the glove
box until it is to be used. The percent yield of the product varies between 75 and 85%.
The color of the resulting solid is a yellowish white. The melting point range of the solid
is approximately 158-160 C.
2.2.1 Thin Layer Chromatography of Solution
Reverse phase thin layer chromatography (TLC) is performed on the solution to
determine when the reaction is complete. A Baker Si250F TLC Plate is used. A good
eluent for this experiment consists of a mixture of 90% hexanes and 10% toluene. One
side of the TLC plate is spotted with the reaction solution and the other with
dimesitylborinic acid dissolved in THF. After 48 hours of reflux the test confirms that
the borinic acid is no longer present in the reaction solution.
2.2.2 Characterization ofBa[OB(Mes)2]2 (s)
The product is initially tested for the presence ofbarium by the following
procedure. Ba[OB(Mes)2]2 (s) is dissolved in toluene in a test tube. HC1 (aq) is then
added and the mixture is shaken vigorously to form BaCl2 (aq). The aqueous phase of
the mixture containing BaCL; (aq) and HC1 (aq) is pipetted out. This portion is reacted
withNa2S04 (aq) to form a solid precipitate ofBaS04 (s). The presence of the BaS04
precipitate confirms the presence ofbarium.
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After the above test confirms the presence of barium, the product was subjected to
a variety of analytical techniques. The sample is tested by proton nuclear magnetic
resonance (NMR), infrared (IR) spectroscopy, elemental analysis, thermogravimetric
analysis (TGA), and differential scanning calorimetry (DSC).
2.3 Preparation ofPrecursor from 2,4,6-Triethoxycyclotriboroxane and Barium
(Crown Ether) Ethoxide
A precursor solution was prepared from 2,4,6-triethoxycyclotriboroxane and
barium (crown ether) ethoxide. The steps involved in the preparation are shown in
Figure 2.
2.3.1 Preparation of 2,4,6-Triethoxycyclotriboroxane
A 2,4,6-triethoxycyclotriboroxane solution was prepared from triethylborate and
boron oxide according to the literature [17].
(EtO)3B (aq) + B203 (s) -> (OB*OEt)3 (Sealed Tube 250 C)
B2O3, 1.49 grams (21.0 mmoles), and (EtO)3B, 3.56 mL (21.0 mmoles), are sealed in a
dried reaction tube under dynamic vacuum. The reaction tube is dried by pulling a
vacuum on the tube and heating along its length with a gentle flame. Connected to the
reaction tube is a short length ofhose connected to a three way valve. On the opposite
side of the three way valve is a longer length ofhose connected to the vacuum pump.
11
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Figure 2. Formation ofBarium (Crown Ether) Cyclotriboroxane Precursor
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After heating, the valve is closed to maintain vacuum and prevent moisture from entering
the tube. The vacuum hose is removed from the three way valve on the vacuum pump
side and the remaining apparatus is brought to the glove box where the reaction
components are added. At this point only nitrogen is allowed to enter the tube. The
closed valve is replaced on the tube and the assembly is brought to a vacuum pump where
a vacuum is reapplied. The valve is opened again to dynamic vacuum and the tube
containing the reactants is sealed with a torch. The reaction tube is then placed in a tube
furnace and heated to 250 C for a period of 20 hours. The resulting product is a clear,
colorless liquid of 2,4,6-triethoxycyclotriboroxane. The boroxane was purified by
dissolving in dried THF and filtering through a sintered glass frit. The solvent was then
removed under reduced pressure. A purified clear liquid product, 4.50 grams (20.9
mmoles), was obtained. The yield of the experiment was -98%. The resulting liquid was
tested by FT-IR spectroscopy.
2.3.2 Preparation ofBarium (Crown Ether) Ethoxide Solution
Approximately 125 mL of ethanol was dried over barium metal and distilled. The
dried ethanol was then taken to the glove bag to add the reactants under nitrogen. To the
dried ethanol 4.29 grams (3 1 .2 mmoles) ofbarium metal were added. The barium metal
instantly reacted with the ethanol to form barium ethoxide. Heat was produced and
hydrogen gas was released as a result. Crown ether, 8.25 grams (3 1 .2 mmoles), is also
added. The solution is heated at reflux under nitrogen for one hour to produce the barium
(crown ether) ethoxide solution. The molecular weight of the resulting compound,
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[Ba(18-crown-6)(OEt)2], in solution is 491.74 g/mol. The solution is initially clear, but
does change to a yellowish color after 1 5 minutes.
2.3.3 Isolation and Characterization ofBarium (Crown Ether) Ethoxide Powders
Another ethanol solution was produced with the same molar ratio of barium to
crown ether. This time the solvent was evaporated under reduced pressure and the solid
barium (crown ether) ethoxide was collected for analysis. The resulting powder was
stored in the glove box under nitrogen. The yield, approximately 1 5 grams, was nearly
100%. Samples of the powders were analyzed by proton NMR, IR spectroscopy, DSC,
TGA, and mass spectroscopy.
2.3.4 Preparation ofPrecursor Solution from 2,4,6-Triethoxycyclotriboroxane and
Barium (Crown Ether) Ethoxide Solution
A portion of2,4,6-triethoxycyclotriboroxane, 4.5 grams (20.9 mmoles), was
dissolved in 50 mL ofethanol dried over barium metal. This solution was then added to
the barium (crown ether) ethoxide solution containing 4.29 grams (31.0 mmoles) of
barium. The mixture containing a 3:2 molar ratio ofbarium to 2,4,6
triethoxycyclotriboroxane was then heated at reflux for 20 hours. A homogeneous
precursor solution ofbarium (crown ether) cyclotriboroxane is produced as a result. The
solution was a yellowish color.
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2.3.5 Isolation and Characterization ofBarium (Crown Ether) Cyclotriboroxane
Powders
Halfof the barium (crown ether) cyclotriboroxane precursor solution was
hydrolyzed with excess water while the other halfwas not. The solvent and/or water was
then removed from each sample by applying a vacuum to a flask containing the solution
while the contents are heated in a hot oil bath kept less than 100 C. An acetone dry ice
bath is used to condense the solvent vapor in a solvent trap. The resulting powders are
collected from the flask with a microspatula and stored in a glass vial. The appearance of
the hydrolyzed and non-hydrolyzed powders differed. The hydrolyzed powder forms
aggregates and is cream colored throughout. The non-hydrolyzed powder is flaky and
consists oforange and cream colors. The samples were analyzed by IR spectroscopy,
TGA, DSC, and elemental analysis.
2.4 Preparation ofPrecursor Powders Using 2-Ethoxyethanol as Reported by
Yogo et. al.
A precursor solution was prepared according to the published work to verify their
results [11]. The precursor solution was prepared in the exact same manner as the
precursor described in section 2.3 except for the preparation of the barium alkoxide
solution. In the method described by Yogo the barium alkoxide was prepared from
ethanol and 2-ethoxyethanol. A 5:1 molar ratio of ethanol to 2-ethoxyethanol was used.
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Barium metal was added to the solution of ethanol and 2-ethoxyethanol and heated at
reflux to produce a barium alkoxide solution. In this method no crown ether is used. Just
as before the 2,4,6 triethoxycyclotriboroxane is dissolved in dried ethanol and added to
the alkoxide solution. After 20 hours of reflux the solution is ready for use. The solution
is hydrolyzed and solvents and water are removed yielding powders. The powders were
analyzed with TGA and DSC.
2.5 Heat Treatment ofPrecursor Powders to form [3-Barium Borate
The precursor powders produced by the various methods were heated to obtain the
crystalline form of beta-barium borate. The heat treatment apparatus consisted of an
electric furnace equipped with a gas input nozzle on the backside. Oxygen was used as a
flow gas during the experiments. The flow was measured to be approximately 250
cm3/sec. For the barium dimesitylborinate single source precursor oxygen was required
to produce the (3-BBO. In the case of the barium (crown ether) cyclotriboroxane
precursor the gas aided in calcination. The precursors were placed in a porcelain crucible
inside the glove box and transferred to an oven preheated to 150C. The heating cycle for
the two precursors varied, as follows.
2.5.1 Heat Treatment of the Barium Dimesitylborinate Single Source Precursor
Powder to form [5-Barium Borate
16
Ba[OB(Mes)2]2 was heated under oxygen flow to form P-barium borate. Figure 3
shows the chemistry involved its formation. Oxygen flow is required in the reaction and

















Figure 3. Formation of P-Barium Borate
A slow heating cycle was found to be necessary to form the P-BBO. It is presumed that



















Upon reaching 175C the solid has melted. Above 250 C the material begins to darken
in color. At 550 C the material is a grayish colored solid. At higher temperatures the
solid rearranges to form the P-BBO. The resulting powder was characterized using x-ray
diffraction to verify that the desired crystalline phase of barium borate was produced.
2.5.2 Heat Treatment ofBarium (Crown Ether) Cyclotriboroxane Powder and
Powder Produced using 2-Ethoxyethanol as Reported by Yogo
The barium (crown ether) cyclotriboroxane precursors and the precursor prepared
according to Yogo (containing 2-ethoxyethanol) were both heated in the same manner.
The samples in crucibles were placed in the preheated oven under oxygen flow. The
temperature was raised to 250 C and held for 30 minutes. The powders were then
calcined at 350 C for one hour. Following calcination the powders were brought to the
final temperature and heated for one hour. The final heating temperatures used were 550
C, 650 C, and 750 C. The powders heated at these temperatures were studied by x-ray
diffraction to determine the temperature of the transition to the P-BBO phase.
2.6 Preparation ofPrecursor Thin Films on Si (100) Substrates
Solutions containing barium dimesitylborinate and barium (crown ether)
cyclotriboroxane precursors were prepared and applied to clean silicon substrates. The
solutions were applied using a spin coating technique.
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2.6.1 RCA Cleaning of SiliconWafers for Spin Coating
The RCA process was used to clean silicon (100) wafers and remove the any
oxide present. The wafers were initially placed in a tank containing 4500 mL of
deionized (Dl) water, 300 mL ofNH4OH, and 900 mL ofH202 for 10 minutes. This tank
was held at 80C. The wafers are then removed and rinsed with Dl water for 5 minutes.
Following the rinse the wafers are dipped in a 50:1, water to HF, solution for 1 minute.
Again the wafers are rinsed for 5 minutes. They are now placed into a tank containing
4500 mL ofDl water, 300 mL ofHC1, and 900 mL ofH202 for 10 minutes. This tank is
held at 75 C. The wafers are finally rinsed for 5 minutes and dried. This process
removes the glass layer of Si02 on the substrate surface and also serves as a cleaning step.
2.6.2 Preparation ofBarium Dimesitylborinate (Single Source Precursor) Spin
Coating Solution and Application to Substrate
Solid Ba[OB(Mes)2]2, 1-33 grams (1.99 mmoles), was dissolved in 20 mL ofdry
THF to prepare the precursor solution. The THF was dried over calcium hydride and
distilled prior to use. The resulting 20 mL of solution (0.099 M Ba[OB(Mes)2]2) was
used to coat 10 substrates, each coating requiring 2 mL. The solution should be stored in
a glass vial under nitrogen for use at a later time.
The spin coater is programmed to accelerate at 100 RPM/sec to 750 RPM. The
duration at 750 RPM is 1 minute. The speed is then decelerated to zero at a rate of 100
RPM/sec. Once the program is setup properly a wafer should be placed on the chuck
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located on the moveable arm of the instrument. The arm should be moved horizontally
so the wafer is directly above the rotational platform. The lifter should be raised to pick
up the wafer and gently lower it to the platform. The platform provides a vacuum which
holds the wafer in place. The precursor solution, 2 mL, should then be applied evenly
over the substrate surface from a pipette. After the solution has been applied the spin
coater program is initiated.
2.6.3 Preparation ofBarium (Crown Ether) Cyclotriboroxane Spin Coating
Solution and Application to Substrate
The barium (crown ether) cyclotriboroxane spin coating solution was prepared in
a similar manner to that ofbarium dimesitylborinate. Barium (crown ether) ethoxide,
1 1.0 grams (0.0223 moles), was dissolved in 75.0 mL of dried ethanol. To this solution,
(OB*OEt)3, 3.22 grams (0.0149 moles), was added. The resulting solution was heated at
reflux yielding an expected 10.9 grams (0.00746 moles) ofprecursor. The concentration
of the final spin coating solution is 0.0995 M. As with the barium dimesitylborinate
solution the silicon wafer required approximately 2 mL to be uniformly coated. Ten
substrates were coated in the same manner as above. The spin coater program explained
in section 2.6.2 was found to work for this solution as well.
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2.6.4 Heat treatment ofPrecursor Films on Si (100) Wafers
The films ofboth precursors were heated in the same manner. After the solutions
have been spin coated on the wafers, the films are calcined at 300C for 1 hour under
flowing oxygen. The oxygen flow was measured to be 250 cm3/s. The calcination step
removes organics from the film.
The next step in the process was to heat the films at the desired temperature and
duration of time. Four of the wafers from both methods were heated at 850C for 1,5, 10,
and 30 minutes. This test is an attempt to determine how quickly P-BBO forms at
elevated temperatures. A second test requires five wafers from both methods. These
wafers are heated for 1 hour at 500, 550, 600, 650, and 700C. This test is performed to
determine the onset and completion of p-BBO formation.
Characterization was performed on these samples by thin film x-ray diffraction
and ellipsometry. Optical microscopy was also used to monitor crystallization.
21
3. RESULTS AND DISCUSSION
3.1 Characterization ofBa[OB(Mes)2]2 Single Source Precursor
Ba[OB(Mes)2]2 was successfully prepared by the procedure described. Various
characterization techniques are used for confirmation.
3.1.1 Proton NMR ofDimesitylborinic Acid Sample
Proton nuclear magnetic resonance was performed on dimesitylborinic acid as
shown in Figure 4. Peaks at 7.18 and 1.47 ppm are attributed to the deuterated
chloroform used as the NMR solvent as shown in Figure 5. The peak at 6.75 ppm arises
from the four aromatic protons (directly connected to the rings) of the mesityl groups.
The peak at 5.85 ppm arises from the hydroxy proton (the single proton attached to the
lone oxygen in the compound). The peak at 2.20 ppm corresponds to the eighteen
protons representative of the methyl groups. Figure 6 shows the chemical shifts for
dimesitylborinic acid protons. The integrated areas of the peaks in Figure 4 are at the
appropriate ratios for the expected number of protons in the sample. The ratio of the
aromatic proton peak area to the methyl proton peak area is 4:19. This ratio is very close




a! 5 3p- - a) o>u-t o
Vj O O Q. N U-l O
iO^h ma vo o
(0 '
s i
U H ro rl H H n ffi tf
3 3 US M
' o o o o
O CD O
_ ^h vo r o -oo
.
-o-
-*T CO ~0 CD CD
4J oo vo ;












J CX, On Vi
O O O Q
O .-
i Hb.aco o n o






































=3 3s: w ;gg
Sr^(^tU^-ti^ir*i^H>I m CT VO o O O
!3 m .qj o>" U oo h vo * o -oca
^csctiO, Ntno ^^fj \o a a
UJ n ui O. --O CJ (N ON CO A3 H rl O
cu o 55 r oohos o
a r-M ~o CD
E
a, n
ax a x o,x









| OS x rt W UJ
a oj 6- oa a. > ck




J .-H J &L,



























Figure 6. Chemical Shifts for Dimesitylborinic Acid Protons
3.1.2 Proton NMR ofBa[OB(Mes)2]2
The protonNMR spectrum of the Ba[OB(Mes)2]2 was also recorded in
deuterated chloroform. Figure 7 is an example of a typical NMR spectrum for this
precursor compound. The major difference between the NMR spectrum of
dimesitylborinic acid and Ba[OB(Mes)2]2 is the lack of the proton from the -OH group
located at 5.85 ppm. Also, peaks are present at 1.77 and 3.68 ppm from residual
tetrahydrofuran used in the chemical reaction (See Figure 8). Peaks at 7. 1 8 and 1 .20 ppm
arise from the deuterated chloroform (See Figure 5). The remaining peaks located at 2.20
and 6.75 ppm are identical to those found in the dimesitylborinic acid sample. The
integration ratio (13:70) is close to the expected ratio of 8:36. Since the hydroxy proton
ofMes2BOH at 5.85 ppm is no longer present it can be assumed that Ba[OB(Mes)2]2 has
been successfully synthesized.
3.1.3 Proton NMR ofDried Ba[OB(Mes)2]2
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When a sample of the Ba[OB(Mes)2]2 was dried for 72 hours in an Abderhalden
apparatus the amount of solvent (THF) was greatly decreased. Water was heated at
reflux in the Abderhalden to maintain a 100C temperature. The combination of
increased temperature and vacuum removes residual solvents from the precursor. Similar
results are obtained by simply leaving a portion of the compound exposed to air for the
same amount of time. There has been great difficulty in achieving 100% removal of the
solvent. Drying the sample is a necessary step for elemental analysis of samples. The
NMR spectra for the dried samples can be seen in Figures 9 and 10.
3.1.4 IR Spectroscopy on Ba[OB(Mes)2]2
The infrared spectrum of neat Ba[OB(Mes)2]2 is shown in Figure 11. The bands
located at 2978.20, 2914.47, and 2852.71
cm"1
are due to the C-H stretching vibrations in
methyl groups attached to the benzene rings. The bands at 2978.20 and 2914.47
cm"1
are
caused by asymmetric and symmetric stretching, respectively. The band at 2852.71
is caused by deformation vibrations. The band at 1605.74
cm"1
is caused by the
stretching vibration of the C=C bonds in the benzene rings. The bands at 1422.40,
1257.93
cm"1
are from the vibrations of the boron-benzene bonds. The band at 1365
is caused by stretching vibration between the boron and oxygen bonds. The C-H bonds
on the benzene rings give rise to bands at 1 197.08 and 829
cm"1
due to in plane and out of
plane bending [18]. Bands for the Ba-0 vibrations do not appear on this spectrum. The
low vibration frequency caused by the large barium atom is off the scale of this spectrum.
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3.1.5 Elemental Analysis ofBa[OB(Mes)2j2
Elemental analysis was performed on a sample ofBa[OB(Mes)2]2 by a
combustion technique. Carbon dioxide and water vapor are collected during this
technique to determine the amounts of carbon and hydrogen in the sample. The expected
percentages of carbon and hydrogen were 64.75% and 6.66%, respectively. The
experimental results were higher. Elemental analysis determined that the percentage of
carbon was 66.57%. The percentage ofhydrogen was determined to be 7.22%. A small
amount ofunreacted dimesitylborinic acid or residual solvent can account for these
higher values.
3.1.6 TGA and DSC ofBa[OB(Mes)2]2
Thermogravimetric analysis (TGA) was performed on Ba[OB(Mes)2]2 under
nitrogen. The temperature was raised to 700C at a rate of 10 C/min. Figure 12 shows
the percent weight loss for the sample as a function of temperature. At 700C all that
remains is roughly 30% of the original mass. Since the mesityl groups in
the sample
make up 71 .4 % of the mass, it is concluded that these groups
are no longer present. The
molecular weight ofBa[OB(Mes)2]2is equal to 667.69 grams/mol. The 4 mesityl groups
in the compound have a molecular weight of476.74 grams/mol accounting for 71.4 % of
the overall mass.
Differential Scanning Calorimetry (DSC) was performed, but only to
160 C (See








































































































temperature and will deposit on the chamber walls causing instrument problems. The
initial endotherm could be a result of the removal of residual solvents. Since weight loss
continues above 100 C, the samples dried for elemental analysis should be dried over a
higher boiling solvent than water.
3.2 Characterization ofBarium (Crown Ether) Cyclotriboroxane Precursor
The barium (crown ether) cyclotriboroxane precursor, prepared from 2,4,6-
triethoxycyclotriboroxane and barium (crown ether) ethoxide, was characterized along
with the two reactants used to make the precursor. Various techniques such as IR
spectroscopy, NMR, TGA, DSC, and elemental analysis were applied.
3.2.1 Infrared Spectroscopy of 2,4,6-Triethoxycyclotriboroxane
The infrared spectrum of 2,4,6-triethoxycyclotriboroxane, sampled as a liquid
between two KBr salt plates, was recorded. The IR peaks reported in the literature are as
follows [17]:
1521 sh, 1495 vs, 1433 vs, 1383 vs, 1341 vs, 1289 s, 1215 w, -1 164 w, 1107 s, 1080 s,
-1055 sh, -961 w, -824 w, 804 w, -736 sh, 722 s
(vs=very strong, s=strong, m^medium, w=weak, sh=shoulder)
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Peaks with strong absorptions near 720 and 735
cm"1
are representative ofmetaboric
esters as reported by Lappert [17]. Bands at 1080 and 1383
cm"1
represent the stretching
ofB-0 and C-0 bonds in ethyl metaborate [18]. Figures 14 and 15 show the IR spectra
of non-purified and purified 2,4,6-triethoxycyclotriboroxane, respectively. As can be
seen from the spectra, the weaker peaks in the purified sample are more highly resolved.
The labeled peaks for the 2,4,6-triethoxycyclotriboroxane samples closely match those
reported in the literature, with the purified sample peaks being slightly closer. Figure 16
shows the IR spectrum of triethylborate, one of the starting materials. The only major
difference between this sample and the product is the lack ofpeaks at 720 and 735 cm"1.
Figure 17 shows an overlay of the three plots.
3.2.2 Proton NMR ofBarium (Crown Ether) Ethoxide
A sample ofbarium (crown ether) ethoxide was dried in the Abderhalden
apparatus at 100 C and analyzed by protonNMR in deuterated methanol. Figure 18
shows the resulting NMR spectrum. The peaks located at 1.8 and 3.7 ppm are due to the
deuterated methanol (see Figure 19). The peaks at 1.1 and 3.5 ppm are due to the protons
in the ethoxide group. The ratio of the integrated peak heights for the ethoxide protons
was found to be 3:5. These measurements are close to the expected ratio of 4:6. The peak
at 3.2 ppm is attributed to the methylene protons in 18-crown-6. Crown ether contains 24
protons. Therefore, the integrated peak height for 18-crown-6 should be four times as
large as the ethoxide peak at 1 .1 ppm since this peak is attributed to 6 protons. However,
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determined that the amount of crown ether in the sample is less than expected. It is
possible that a portion of the crown ether is lost to sublimation during the drying process.
A similar explanation seems appropriate for barium (crown ether) cyclotriboroxane (vide
infra). The peak at 4.8 ppm is due water in the deuterated solvent (See Figure 20).
3.2.3 IR Spectroscopy ofCrown Ether and Barium (Crown Ether) Ethoxide
Figure 21 shows the IR spectrum of 1 8-crown-6. The spectrum was taken for the
cyclic polyether as received from the vendor. C-O-C stretching vibrations are expected
to be found between 1270 and 1030
cm"1
[18]. In this region six medium to small bands
are observed. The bands observed at high wavenumbers, 2800-2950 cm"1, can be
attributed to aliphatic C-H stretching vibrations. The remaining peaks can be accounted
for by C-C and crown ether ring vibrations. Figure 22 shows the IR spectrum for barium
(crown ether) ethoxide. Of the six bands in the 1270 to 1030
cm"1
range, the peak at
1 122.39
cm"1
appears to shift and become a shoulder. This is consistent with what is
expected for the C-O-C vibration upon complexation. Peaks located at 2787.13, 2750.20,
2673.33 and 2571.99 can be accounted for by the O-Et stretching vibrations for
barium ethoxide. Figure 23 shows the presence of these peaks in a similar compound,
sodium ethoxide. Neat samples were used for these three IR spectra.
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TGA was performed on a sample of barium (crown ether) ethoxide at a heating
rate of 10C/min up to 700C. The test was performed under nitrogen. The plot for this
experiment is given in Figure 24. From the onset weight loss is occurring. At
temperatures less than 100C some of the residual solvent is removed. From 140C to
approximately 360C a major weight loss occurs. This weight loss can be attributed to
the removal of crown ether from the compound. Barium (crown ether) ethoxide contains
crown ether as 54% of its mass. The molecular weight ofbarium (crown ether) ethoxide
is 491.77 g/mol. The molecular weight of crown ether is 264.32 g/mol or 54 % of the
above compound's molecular weight. What remains after heating the sample to 360C is
approximately 39% of the original mass. If the removal of residual solvents is taken into
account this weight percent is consistent with the full removal of crown ether from the
sample. A majority of the crown ether is removed by 240C. A much smaller weight
loss event takes place from 240C to nearly 370C. If CO2 is generated during the weight
loss up to 240 C, formation and subsequent decomposition ofbarium ethyl carbonate
could explain the smaller weight loss. This weight loss is much too small to be a
conversion ofBa(OEt)2 to BaO or Ba02. Figure 25 is a DSC scan taken of the same
material. The heating rate was set at 10C/min up to 600C. This test was also
performed under nitrogen. The endotherm that is present at 50C is probably due to
absorbed water in the DSC chamber. At temperatures around 100C the residual
solvent-
is being removed. As temperature is increased the heat flow continues to be endothermic
as crown ether evaporates. At 250C an exothermic event takes place as the crown ether
is decomposed. Carbon dioxide from the decomposition may react with barium ethoxide




















































































































































































spatial rearrangement as gaps left from the crown ether are filled. A set of endothermic
peaks are observed between 350 and 400C. These endothermic peaks may be due to the
decomposition of barium ethyl carbonate.
3.2.5 IR Spectroscopy ofBarium (Crown Ether) Cyclotriboroxane Precursor
IR spectroscopy was performed on barium (crown ether) cyclotriboroxane
precursor powders. Hydrolyzed and non-hydrolyzed powders were examined. Figure 26
shows the IR spectrum of non-hydrolyzed precursor powder. The IR spectrum closely
matches the IR spectrum for 18-crown-6 shown in Figure 21. Additional peaks at 713.85
and 746.68
cm"1
are representative of the metaboric ester [17]. A band should be present
at 1383
cm"1
for B-0 stretching within the anionic ring [18]. Its presence cannot be
determined due to overlapping of the crown ether bands. The spectrum of the hydrolyzed
precursor is shown in Figure 27. Hydrolysis is performed on the precursor to aid in the
removal of organics during the heat treatment process. Again, nearly all the bands can be
accounted for by the crown ether and a band is present at 71 1 .73
cm"1
that likely arises
from the metaboric ester. It should be noted that ethoxide peaks are not present in either
of these spectra, as expected.
3.2.6 Elemental Analysis ofBarium (Crown Ether) Cyclotriboroxane Precursors
Elemental analysis was performed on the non-hydrolyzed and hydrolyzed barium
(crown ether) cyclotriboroxane precursors. The





























































































































form Ba3B60i2 including three crown ethers, see Figure 2. This compound will contain
29.58% carbon and 4.96% hydrogen of its total mass. The elemental analysis of this
sample revealed that the precursor consisted of27.86% carbon and 4.91% hydrogen. It is
possible that the sample contains some residual solvent or is non-stoichiometric in crown
ether. If the compound where composed ofBa3B60i2 plus two crown ethers then the
compound would contain carbon as 24.07% and hydrogen as 4.04% of its mass. If
68.80% of the precursor contains 3 crown ethers while the remaining portion only





This elemental analysis for hydrogen is within experimental error. This supports the
interpretation that the sample is a mixture ofBa3(CE)2B60i2 and Ba3(CE)3B60i2.
The hydrolyzed precursor is expected to contain 2 hydrolyzed borate rings, 3
Ba(OH)2 molecules, and 3 crown ethers. This mixture of compounds is expected to
contain 27.54% carbon and 5.39% hydrogen. The elemental analysis revealed 23.84%
carbon and 4.34% hydrogen. In this case it is possible that the hydrolysis step removes
more of the crown ether in the sample, thus lowering the percentages of carbon and
hydrogen further vs. the unhydrolyzed sample. If the sample contains 2 crown ethers
instead of 3, the percentages of carbon and hydrogen are expected to be 22.08 % and
4.63 %, respectively. If 32.2 % of the sample contains 3 crown ethers and 67.8 % of the
sample contains 2 crown ethers then the elemental analysis for the carbon is correct.
0.322(27.54) + 0.678(22.08)
= 23.84 % Carbon
0.322(5.39) + 0.678(4.63)
= 4.87 % Hydrogen
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In this case, the percentage ofhydrogen is incorrect when only considering a loss of
crown ether. Therefore, it is likely that residual solvent is having some effect on the
elemental analysis. However, the loss of crown ether must have taken place to account
for the low percentage of carbon in the elemental analysis. It is possible that crown ether
is removed from the sample in the Abderhalden during drying.
3.2.7 TGA and DSC ofBarium (Crown Ether) Cyclotriboroxane Precursor
Powders
TGA was performed under nitrogen at a heating rate of 10 C/min up to 700 C.
The curve for the non-hydrolyzed barium (crown ether) cyclotriboroxane precursor is
given in Figure 28. From the onset ofheating up to 300 C a major weight loss is
occurring. For the non-hydrolyzed precursor it expected that crown ether consists of 54%
of the precursor mass. If the removal of residual solvent is responsible for the mass loss
below 50 C, the mass loss by 300 C can be attributed to a 100% removal of crown ether.
The DSC for the non-hydrolyzed precursor is given in Figure 29. This analysis
was performed under nitrogen up to 600 C at 10 C/min. The initial endotherm is most
likely an artifact. As the temperature is increased up to 300C the residual solvent and
crown ether are removed from the sample. The exothermic event at 300 C could be
caused by a spatial rearrangement as the voids left by the crown ether are filled. The
exotherm at 550C is the transition of the barium borate to the [3 phase.
The TGA for the hydrolyzed precursor is shown in Figure 30. The hydrolyzed









































































































































































































































temperature is raised to 300C what remains is just below 50% of the original mass. At
this point all of the crown ether has been removed. It is evident by the slope of the curve
that the weight loss occurs at a faster rate for the hydrolyzed precursor. This supports the
proposal that hydrolysis aids in the removal oforganics.
The DSC for the hydrolyzed precursor is given in Figure 3 1 . The initial
endotherm is assumed to be an artifact of the instrument. As the temperature is raised to
300C the residual solvent and crown ether are removed from the sample. Again, at 300
C a spatial rearrangement is believed to take place. At approximately 400C the
Ba(OH)2 in the sample forms BaO. This occurrence is supported by Figure 32. At
approximately 400 C the Ba(OH)2 from a sample ofBa(OH)2*8H20 is converted to BaO.
The DSC for Ba(OH)2*8H20 also shows this transition and is given in Figure 33. At
approximately 540 C in Figure 3 1 the p phase ofbarium borate is formed as indicated by
the exotherm, which closely matches that for the unhydrolyzed barium (crown ether)
cyclotriboroxane precursor.
3.2.8 IR Analysis of Barium (Crown Ether) Cyclotriboroxane Precursors at
Various Stages ofHeat Treatment
IR spectra were recorded for the barium (crown ether) cyclotriboroxane
precursors at various stages ofheat treatment. Figure 34 shows the spectra for the non-
hydrolyzed precursor without any heat, then heated to 150, 280, and 375 C. These
points were chosen to correspond with various points of the DSC curve shown in Figure





































































































































































































































































that crown ether is fully removed by 280 C. Further peak shifts at 375 C are likely due
to rearrangement of atoms.
Figure 35 is a similar set of spectra for the hydrolyzed precursor. The crown ether
is removed by 290C in this case. Again, the peak shifts at higher temperatures are
likely due to structural rearrangement processes.
A few differences between the non-hydrolyzed and hydrolyzed precursor spectra
are observed. One major difference is the presence of a peak at 1720
cm"1
for the
hydrolyzed sample at 150 C. Another major difference is the presence ofpeaks at
767.67 and 1587.4
cm"1
for the hydrolyzed precursor at 350 C.
3.3 X-Ray Diffraction of p BBO Powders Prepared From Barium
Dimesitylborinate and Barium (Crown Ether) Cyclotriboroxane Precursors
X-Ray Diffraction was performed on precursor powders prepared by both methods.
Cu Kcc radiation was used at 40 kV and 35 mA. The scans were taken from 10-1
10
29
at 67min. The powder diffraction pattern for p-BBO (PDF #38-0722) is shown in
Figure 36. If P-BBO is present in any of the samples scanned the peaks should closely
match those identified in this PDF file.
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Figure 37 shows a typical X-ray diffraction pattern for p-BBO prepared from
Ba[OB(Mes)2]2 single source precursor. This sample was prepared by heat treatment of
the precursor at 800 C. By comparison with the PDF file for p-BBO it is determined
that all major peaks closely match those from the experimental diffraction pattern. Table
III lists all the identified peaks for the experiment along with the positive matches for
P-BBO. These matches indicate that P-BBO has been successfully prepared from the
Ba[OB(Mes)2]2 single source precursor.
3.3.2 X-Ray Diffraction of p-BBO Prepared From Barium (Crown Ether)
Cyclotriboroxane Precursor Powders and Powders Prepared Utilizing 2-
Ethoxyethanol as Reported by Yogo
Barium (crown ether) cyclotriboroxane precursor powders and powders prepared
by Yogo's reported method [11] were heat treated at 550, 650, and 750 C. The powders
heated at various temperatures were monitored by X-ray diffraction to determine if the
barium (crown ether) cyclotriboroxane precursor would form P-BBO at lower
temperatures than the related powders prepared by Yogo's method. Recall that Yogo's
method utilized 2-ethoxyethanol rather than 18-crown-6 (crown ether) as the stabilizer.
Figures 38 through 40 are the diffraction patterns taken at the various
temperatures for Yogo's method. At 550 C it is inconclusive as to whether p-BBO has
yet formed. At 650C the sample may contain p-BBO, but much of the sample is still
amorphous. At 750 C the diffraction pattern closely matches that for p-BBO. Table IV
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literature describing this method the transition to the P-BBO phase was reported to have
occurred at 650C [1 1]. The results obtained in this experiment found that the bulk of the
sample undergoes this transition at a temperature closer to 750 C.
Figures 41 through 43 are the diffraction patterns taken at the various
temperatures for non-hydrolyzed barium (crown ether) cyclotriboroxane powders. At
550C the diffraction pattern already matches that of p-BBO. The patterns at 650 and
750C also reveal the presence of p-BBO. Table V lists the identified peaks and the
matches to P-BBO for the sample treated at 550 C. This comparison shows that the
transition to the P-BBO phase has already occurred by this temperature. The identified
peaks for the samples heated to 650 and 750 C are shown in Tables VI and VII. The
sample heated at 650C shows a low signal to noise ratio. This could be caused by a
non-uniform coverage ofpowder on the sample holder within the X-ray diffractometer.
Figures 44 through 46 show the diffraction patterns taken at various temperatures
for hydrolyzed barium (crown ether) cyclotriboroxane powders. At 550 C the
diffraction pattern reveals P-BBO. This phase is also found to be present at 650 and 750
C. The highest signal to noise ratio is found in the sample at 750 C. It seems that the
complete transition of the bulk to p-BBO may require higher temperatures in the
hydrolyzed form. The identified peaks and matches to p-BBO for these samples can be
seen in Tables VIII, IX, and X.
From this experimentation it has been determined that p-BBO is formed by the
solid state thermolysis of both barium dimesitylborinate and barium (crown ether)
cyclotriboroxane precursors. It has also been determined that p-BBO forms at 550C
for barium (crown ether) cyclotriboroxane precursors. The
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forms P-BBO at 650 C according to published results [11]. In an attempt to verify those
results it was found that the transition is closer to 750 C. Either way, it has been shown
that the replacement of 2-ethoxyethanol by crown ether has decreased the transition by at
least 100C in the powder form.
3.4 X-Ray Diffraction ofThin Films Formed from Barium Dimesitylborinate
Precursor
X-ray diffraction was performed on thin films deposited by spin coating a barium
dimesitylborinate solution on silicon wafers and heating them for various times and
temperatures. Samples were heated for 1 hour at 500, 550, 600, 650, and 700 C. The
diffraction patterns obtained showed that barium carbonate formed at 500 and 550 C. At
600 C crystalline components could not be identified. At the higher temperatures, 650
and 700 C, barium silicate was identified. The diffraction patterns can be seen in
Figures 47 through 51. Films of p-BBO were not identified in any of these cases. It may
be possible that boron in the precursor diffuses into the substrate at low temperatures due
to high surface energy at the interface. It is also possible that boron oxide forms during
heating and sublimes at approximately 450C [7]. At the higher temperatures there is
definitely interaction with the substrate as determined by the presence of barium silicate.
Another set ofwafers was heated at 850 C for 1, 5, 10, and 30 minutes. In each
of these cases barium silicate formed as the only crystalline phase as determined by x-ray
diffraction (Figures 52 through 55). The presence ofbarium silicate indicates substrate













































































































































































































































































































































Silicon appears to be a poor choice of substrate when trying to form p-BBO thin
film for barium dimesitylborinate precursors. A substrate that will be less reactive with
the film should be chosen for further experiments.
3.5 X-Ray Diffraction ofThin Films formed from Barium (Crown Ether)
Cyclotriboroxane Precursor
X-ray diffraction was also performed on thin films prepared from the barium
(crown ether) cyclotriboroxane precursor. The same experimental procedure was used as
with the barium dimesitylborinate precursor. Again, five samples were heated for 1 hour
at 500, 550, 600, 650, and 700 C. The X-ray diffraction spectra for these samples are
seen in Figures 56 through 60. The samples heated at 500 and 550C did not contain any
crystalline components. However, P-BBO was determined to be present in films heated
to 600, 650, and 700 C. Another set of diffraction patterns are given in Figures 61
through 64. These samples were heated at 850C for 1, 5, 10, and 30 minutes.
Crystalline components were not found in any of these samples. If substrate interaction
did take place at 850 C, as for the barium dimesitylborinate precursor, the resulting films
were amorphous unlike the crystalline barium silicate obtained previously.
The presence of the six membered ring [4] in the precursor allows p-BBO film
formation without any indication ofunwanted silicon
substrate interaction at
temperatures up to 700 C. The successful growth of
films on silicon reflects a potential
for integration of p-BBO in silicon based devices. Since the precursor powder formed






















































































































































































This behavior was observed by Yogo when comparing the powder and film transitions
for his precursor, although Yogo used platinum rather than silicon substrates [11]. Lower
transition temperatures may be obtained through the use of other substrates.
An updated PDF file (80-1489) was used to identify p-BBO when using the thin
film X-ray diffractometer and its accompanying software.
3.6 Ellipsometry
Ellipsometry was performed on thin film samples prepared from barium
dimesitylborinate and barium (crown ether) cyclotriboroxane precursor solutions. Two
of three unknowns (real index of refraction, imaginary part of index of refraction, and
thickness) may be simultaneously determined by this method. Samples ofboth
precursors were heated for 1 hour at 650 C and measured. Tables XI, XII, and XIII give
the ellipsometry data taken for a transparent thin film prepared from barium
dimesitylborinate. For transparent films the index of refraction and thickness can be
determined simultaneously. These values are found when the imaginary part of the index
of refraction, k, is zero. The column labeled error is the value ofk on the data sheets. At
the point where the error column goes through zero the index of refraction and thickness
are determined. The index of refraction for this sample was determined to be 1.51.
Possible film thicknesses include 542.8, 2840.9, 5139, 7427.1, 9735.2, 12033.3, 14331.4,
and 16629.5 Angstroms. Tables XIV, XV, and XVI give the results for the thin film
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absorbing (non-transparent) the film may be treated as a substrate. When treating the
film in this manner only the real index of refraction and the imaginary part can be
determined. The thickness of the film is assumed to be infinity since the underlying
substrate does not effect the results. The real part of the index of refraction was found to
be 1.68 while the imaginary component was found to be 0.83
A thin film of p-BBO is expected to have an index of refraction in the range of
1 .5-1 .7. The value for the film prepared from barium dimesitylborinate is in the
appropriate range for P-BBO. However, the value obtained for the index of refraction is
most likely for a film containing barium silicate as determined by thin film x-ray
diffraction. The film prepared from barium (crown ether) cyclotriboroxane gave a
slightly higher index of refraction, and the value is in the expected range. In both cases a
supplemental technique such as profilometry should be used to determine the correct
thickness.
3.6 OpticalMicroscopy ofThin Films
Optical microscopy was used to obtain 50X magnified images of the thin films
prepared from both precursors. Figures 65 and 66 show images of thin films prepared
from barium dimesitylborinate and barium (crown ether) cyclotriboroxane precursors,
respectively. The image of the barium silicate film prepared by the barium
dimesitylborinate precursor has well defined grain boundaries. The amorphous region
seen in the image is surrounded by growth fronts from four separate crystallites. The
114
1 mm
Figure 65. Optical Micrograph ofBarium Silicate Thin Film Formed from Barium
Dimesitylborinate Heated to 650 C (5OX Magnification)
1000 pm
Figure 66. Optical Micrograph of P-BBO Thin Film Formed from Barium (Crown
Ether) Cyclotriboroxane Heated to 650C (50X Magification)
image of the film prepared by the barium (crown ether) cyclotriboroxane is quite
different. This image displays a continuous textured film.
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4. SUMMARY
Two novel precursors, barium dimesitylborinate and barium (crown ether)
cyclotriboroxane, were synthesized in order to produce thin films of p-barium borate
(P-BaaBeOn) via the metal organic decomposition (MOD) process.
The formation of P-barium borate was confirmed by powder X-ray
diffraction of the products of thermolysis ofboth precursors, p-barium borate formation
occurred at 800C and 550C for barium dimesitylborinate and barium (crown ether)
cyclotriboroxane, respectively. The latter temperature is some 1 00 C lower than that
which is required to form p-barium borate using the precursor described by Yogo [11].
Thin films were produced by a spin coating precursor solutions on silicon wafers
with a (100) orientation. The films were heated to various temperatures for various times
then analyzed by thin film X-ray diffraction to determine if p-barium borate was formed.
Due to substrate interaction thin films produced from the barium dimesitylborinate
precursor did not contain p-barium borate. However, monophasic p-barium borate films
were produced from heating the barium (crown ether) cyclotriboroxane precursor to
temperatures between 600 and 700 C for 1 hour.
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5. FUTURE WORK
There are many possibilities for future extensions of this research. These include
the determination of the optimum substrate for thin films, chemical modifications to the
current precursors, improvements to the current product work up, and future
characterization techniques.
The most important of these is to find the optimum substrate for epitaxial p-BBO
thin film formation. This research has proven that p-BBO has been prepared in the
powder form from both barium dimesitylborinate and barium (crown ether)
cyclotriboroxane precursors. Due to substrate interactions the same cannot be said of the
thin films. Various substrates should be evaluated for the fabrication ofhigh quality
P-BBO films. Possibilities include quartz, sapphire, and fused silica to name a few [6-7].
It may also be of interest to deposit films on silicon containing a thick Si02 layer [8].
Another possibility is to deposit a very thick film of the precursor on a silicon substrate
and attempt to limit the interaction to only the bottom portion of the film.
Chemical modifications could also be made to the novel precursor compounds
developed in this research. One possibility is to replace hydrogen atoms from the single
source precursor with fluorine atoms in an attempt to volatilize the compound for
MOCVD. Another possibility is to add the crown ether to the barium
dimesitylborinate
single source precursor and examine the change in properties. The addition of crown
ether may also help in the isolation of single crystals for x-ray diffraction structural
characterization of the precursors.
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Improved product work up will result in greater sample purity for elemental
analysis and better single crystal growth. The samples to be analyzed by elemental
analysis should also be completely dried. Solvents with different boiling points should be
used in the Abderhalden apparatus, higher for barium dimesitylborinate and lower for
barium (crown ether) cyclotriboroxane. The use of dessicants may also aid in the drying
process.
Experimental techniques that will be useful for thin film characterization include
glancing angle x-ray diffraction, ellipsometry, profilometry, and scanning electron
microscopy. The combination of these techniques will establish the quality of the thin
film. Once these techniques have verified a high quality film the next technique to be
used is the determination of SHG coefficients using a Nd:YAG laser.
120
6. REFERENCES
1 G. Stucky, S. Marder, J. Sohn, Materials for Nonlinear Optics: Chemical
Perspectives, American Chemical Society, Washington, 1991
2 R. Boyd, Nonlinear Optics:
2nd
Edition, pp. 1 -56, Academic Press, New York,
2003
3 A.D. Mighell, A. Perloff, S. Block, "The Crystal Structure of the High
Temperature Form ofBarium Borate,
BaOB203,"
Acta Cystallographica. Vol. 20,
pp. 819-283, 1966
4 S. Lu, M. Ho, J. Huang, "Crystal Structure of the Low Temperature Form of
Barium Borate,
Ba3(B306)2,"
Acta Physica Sinica. Vol. 31, No. 7, pp. 948-955,
1982
5 D.F. Xue, S. Y. Zhang, "Structure and Non-linear Optical Properties of p-Barium
Borate,"
Acta Crystallographica, Vol. B54, pp. 652-656, 1998
6 W. Nie, C. Lurin, G. Paz-Pujalt, "Sol-Gel Derived p-BBO Thin
Film,"
SPIE.
Vol. 758, pp. 284-291,1992
7 D.B. Studebaker, G.T. Stauf, T.H. Baum, T.J. Marks, H. Zhou, G.K. Wong,
"Second Harmonic Generation from Beta Barium Borate Thin Films Grown by
Metalorganic Chemical Vapor
Deposition,"
Applied Physics Letters, Vol. 70 (5),
pp. 565-567, 1997
8 T. Kobayashi, R. Ogawa, M. Kuwabara, "Structural Evolution During
Crystallization of P~BaB204Thin Films Fabricated by Chemical Solution
Deposition
Technique,"
Materials Letters. Vol. 57, pp. 1056-1061, 2003
9 H.B. Liao, R.F. Xiao, P. Yu, G.K.L. Wong, "Growth ofBeta Barium Borate
(P-BaB204) Thin Films for Nonlinear Optical
Applications,"
Journal ofCrystal
Growth. Vol. 1 74, pp. 434-439. 1 997
10 J. Zhu, X. Du, D. Xiao, E.V. Sviridov, H. Wang, "Preparation ofBeta Barium
Borate Thin Films by RF Magnetron
Sputtering,"
Ferroelectrics, Vol. 186, pp.
189-192, 1996
1 1 T. Yogo, K. Kikuta, K. Niwa, M. Ichida, A. Nakamura, S. Hirano, "Processing of
p-BaB204 Thin Films Through Metal
Organics,"
Journal of Sol-Gel Science and
Technology. Vol. 9, pp.201-209, 1997
12 T. Yogo, K. Niwa, K. Kikuta, A. Nakmura, S. Hirano, "Synthesis of p-BaB204
Thin Films From aMetallorganic
Precursor,"
Jounal ofMaterials Chemistry, Vol.
7 (6), pp. 929-932, 1997
121
1 3 T. Kobayashi, R. Ogawa, K. Miyazawa, M. Kuwabara, "Fabrication of p-BaB204
Thin Films with (001) Preferred Orientation Through Chemical Solution
Deposition
Technique,"
Journal ofMaterials Research, Vol. 17(4), pp. 844-851,
2002
14 S. Hirano, T. Yogo, K. Kikuta, K. Yamagiwa, "Preparation of P~BaB204
Powders and Thin Films by Sol-Gel
Method,"
Journal of the American Ceramic
Society, Vol. 75 (9), pp. 2590-2592, 1992
15 W. Nie, G. Paz-Pujalt, "Metalorganic Decomposition Method for Preparing a
Metal
Borate,"
European Patent Number 547,483Al, 1993
16 A. Weinberg, H. Gysling, G. Braunstein, "Single Crystalline Growth ofLiNb03
on LiTa03 by SprayMetalorganic Chemical Vapor Deposition using the Single
Source Precursor
LiNb(OEt)6,"
Journal ofCrystal Growth, Vol. 140, pp. 57-64,
1994
17 M. Lappert, "Cyclic Organic Boron Compounds. Part I. Preparation,
Characterization, and Stability ofEster ofMetaboric
Acid.,"
Journal of the
American Chemical Society, pp. 2790-2793, 1958
18 G. Socrates, Infrared and Raman Characteristic Group Frequencies: Tables and
Charts, JohnWiley and Sons, 1994
19 D.N. Nikogosyn, "Beta Barium Borate: A Review of Its Properties and
Application,"
Applied Physics Letters A, Vol. 52, pp. 359-368, 1991
20 J. Norman, G. Pez, "Volatile Crown Ligand Beta-Diketonate Alkaline Earth
Metal
Complexes,"
United States PatentNumber 5,252,733, 1993
21 Y. Xu, W.Y. Ching, R.H. French, "Electronic Structure and Interatomic Bonding
ofCrystalline p-BaB204 with Comparison to
LiB305,"
Physical Review B, Vol.
48 (24), pp. 695-702, 1993
22 R.H. French, J.W. Ling, F.S. Ohuchi, CT. Chen, "Electronic Structure of
p-BaB204 and LiB305 Nonlinear Optical
Crystals,"
Physical Review B, Vol 44
(16), pp. 8496-8502, 1991
23 Y. Oseledchik, V. Osadchuk, A. Prosvirnin, A. Selevich, "Growth ofHigh
Quality BariumMetaborate Crystals fromNa20-NaF
Solution,"
Journal of
Crystal Growth. Vol. 131, pp. 199-203, 1993
122
24 D. Perlov, M. Roth, "Low Temperature Synthesis of Starting Materials for
p-Barium Metaborate (P-BBO) Crystal
Growth,"
Journal ofCrystal Growth,
Vol. 130, pp. 686-689, 1993
123
